The precious metals such as silver, gold, palladium and platinum are important metals in industries such as catalyst, battery and electronics. These metals have stimulated the investigation of separation and purification by solvent extraction techniques because very high purity of these metals is required in these industries. [1] [2] [3] [4] Solvent extraction of metal ions with chelate agents such as LIX series reagents has recently attracted interest through hydrometallurgical and waste-water treatment processes. [5] [6] [7] [8] [9] An extractant containing sulfur as a donor atom has a high selectivity for platinum metals. Few works on the extraction reactions with such an extractant have been carried out. 10, 11 Baba and Inoue 12,13 studied the mechanism of palladium extraction with dihexyl sulfide, concluding that the ratedetermining step was the reaction between the intermediate of trichloropalladium-extractant complex adsorbed at the interface and the extractant dissolved in the aqueous phase. In the case of 1,2-bis(tert-hexylthio)ethane, the rate-determining step was the reaction of the extractant dissolved in the aqueous phase with PdCl3 -and PdCl4 2-in the aqueous phase, because 1,2-bis(terthexylthio)ethane had no interfacial activity and its aqueous solubility was relatively high.
Baba and Inoue 12, 13 studied the mechanism of palladium extraction with dihexyl sulfide, concluding that the ratedetermining step was the reaction between the intermediate of trichloropalladium-extractant complex adsorbed at the interface and the extractant dissolved in the aqueous phase. In the case of 1,2-bis(tert-hexylthio)ethane, the rate-determining step was the reaction of the extractant dissolved in the aqueous phase with PdCl3 -and PdCl4 2-in the aqueous phase, because 1,2-bis(terthexylthio)ethane had no interfacial activity and its aqueous solubility was relatively high.
A previous paper 14 reported that t-hexadecylthiomethylpyridine (DTMP) including nitrogen and sulfur atoms has a high affinity for palladium, platinum and silver from an ammonium nitrate solution. In this study, the extraction rate of palladium with 2-dodecylthiomethylpyridine (DTP) from hydrochloric acid was examined using a stirred transfer cell. Measurements of palladium-loading capacity and aqueous solubility of extractant were also examined in order to elucidate the extraction mechanism.
Experimental
Reagents 2-Dodecylthiomethylpyridine (DTP) was synthesized from ndodecylthiol and 2-chloromethylpyridine according to a conventional method. 14 The reaction mixture was evaporated. Water and chloroform were added to the reaction mixture and then the two phases were separated with a separatory funnel. Chloroform phase was successively washed using 0.1 mol dm -3 hydrochloric acid mixed with sodium chloride as a salting out reagent, 1.0 mol dm -3 aqueous sodium hydroxide and distilled water. The final product was a viscous brownish liquid. Identification of the purified product was carried out using 1 H-NMR, 13 C-NMR and FT-IR spectra. The product was identified as DTP and its purity was 97% as measured by gas chromatography.
Selectivity of DTP for metal ions
The aqueous phase was prepared by dissolving metal chloride into hydrochloric acid. The organic phase was prepared by dissolving with chloroform gravimetrically. Selectivity of metal ions was measured by a batchwise-method at 303 K for 24 h. The initial concentration of each metal was about 1 × 10 -3 mol dm -3 .
Extraction of hydrochloric acid with DTP
To elucidate the distribution behavior of extractant to both the aqueous phase and the organic phase, we examined the distribution of hydrochloric acid to the organic phase. The organic phase was prepared by changing the extractant concentration from 0.01 to 0.1 mol dm -3 . The aqueous phase was prepared by changing the hydrochloric acid concentration from 0.1 to 2.0 mol dm -3 . Equal volumes of the aqueous and organic phases were placed in Erlenmeyer flask and the combination was shaken for 24 h. The concentration of hydrochloric acid in the organic phase was determined by acidbase titration with potassium hydroxide dissolved in ethanol.
Measurement of palladium-loading capacity of extractant
Since DTP completely extracted palladium over a wide range of experimental conditions, it was difficult to determine experimentally the extraction equilibrium constants. Therefore, a loading test was carried out to estimate the extracted species of palladium in the organic phase. The organic phase of 5 × 10 -3 mol dm -3 extractant was prepared by dissolving DTP in chloroform. The aqueous phase was prepared by changing the palladium(II) concentration with 1.0 mol dm -3 of hydrochloric acid. Equal volumes of the aqueous phase and the organic phase were placed in an Erlenmeyer flask. After equilibration, the palladium(II) concentration in the aqueous phase was determined and then the reaction mole ratio was evaluated.
Extraction rate
The extraction rate of palladium was measured by using a Lewis-type transfer cell. 15 The cell consists of two compartments of equal volume: V (V = 0.135 dm -3 ), and the interfacial area between the two solutions is S (S = 12.54 cm 2 ). The organic phase was first poured in the lower cell and then the aqueous phase was carefully placed on the organic solution. The aqueous and organic phases were stirred independently by two blade stirrers in opposite directions with an equal rotating speed of 120 rpm. After each phase was introduced into the cell, 1 ml of sample was taken at arbitrary intervals from the aqueous phase. The concentration of palladium(II) in the aqueous solution was determined by an atomic adsorption spectrophotometer (Perkin Elmer AAnalyst 100). Figure 1 shows the effect of hydrochloric acid concentration on the extraction percent of metal ions with DTP. Base metals such as copper(II), cobalt(II), nickel(II) and iron(III) were not extracted under these experimental conditions. DTP exhibits the high selectivity for gold(III) and palladium(II) over the entire hydrochloric acid concentration range. Platinum(IV) was extracted in the high hydrochloric acid concentration region, while mercury(II) was extracted in the low hydrochloric acid concentration region.
Results and Discussion

Selectivity of metal ions with DTP
Extraction of hydrochloric acid with DTP
The distribution of hydrochloric acid between the aqueous phase and organic phases can be described as follows:
where an overbar denotes the extractant in the organic phase. The mass balance of hydrochloric acid is expressed by following equations:
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Based on Eq. (5), the experimental data were plotted in Fig. 2 . The values of K1 and K2 were evaluated by a nonlinear leastsquares method. The extraction equilibrium constants, K1 and K2, were determined to be K1 = 1.6 × 10 -2 (mol dm -3 ) -1 and K2 = 4.9 × 10.
Measurement of palladium-loading capacity of extractant
A loading test was performed to determine the reaction molar ratio between DTP and palladium(II). Figure 3 shows the experimental result of the loading test for palladium(II) with DTP. The reaction molar ratio of palladium(II) to extractant was determined to be 1 from the value of the ordinate. Consequently, one palladium ion reacts with one extractant molecule.
Extraction rate of palladium (1) Effect of hydrogen ion, chloride ion, extractant and palladium ion concentrations on the extraction rate.
The effect of hydrogen ion on the initial extraction rate was shown in Fig.  4 . The initial extraction rate, Rf (mol cm -2 s -1 ) is defined as follows: (6) where CPd,org is the palladium(II) concentration in the organic phase. As is shown in Fig. 4 , the initial extraction rate was on the straight line with a slope of 1. Figure 5 shows the effect of chloride ion concentration on the extraction rate of palladium. As is evident from Fig. 5 , the initial extraction rate was lying on the straight lines with a slope of -1 for both regions of the hydrochloric acid concentration. Figure 6 shows the effect of extractant concentration on the extraction rate of palladium. The plotted points lie on the straight line with a slope of 1, suggesting that the extraction rate is the first order reaction with respect to the extractant in the concentration region studied. Figure 7 shows the effect of palladium ion concentration on the dCPd,org
extraction rate. The plotted points lie on the straight line with a slope of 1, indicating that the extraction rate is the first order reaction with respect to palladium ion. 
where βi is the stability constant of the ith chloro-palladium complex. In the present study, the following values 16 were used as the stability constants of the chloro complexes of palladium (β1 = 10 4.7 (mol dm Based on the experimental results mentioned above, the following extraction mechanism in the aqueous phase was proposed.
DTP·H·PdCl3 /
where K1 is the partition constant of hydrochloric acid to the organic phase.
Assuming that the parallel reactions of PdCl3(H2O) -and PdCl4 2-with DTP·HCl are the rate-determining steps, the reaction rate can be expressed as follows:
From Eqs. (1) and (9) - (12), Eq. (13) is approximately expressed under the experimental conditions in this study as follows:
In the higher concentration of chloride ion, it is further approximated by
The proposed rate expression, Eq. (15) is qualitatively in accordance with the experimental results shown in Figs. 4 -7. From the experimental results shown in Fig. 5 , the reaction rate constants, k1 and k2, were evaluated as k1 = 2.0 × 10 2 dm -4 mol -1 s -1 and k2 = 2.0 × 10 dm -4 mol -1 s -1 by a nonlinear leastsquares method based on Eq. (15) . The large difference between k1 and k2 indicated that the aquatrichloro complexes, PdCl3(H2O) -, are much more labile than the tetrachloro complex, PdCl4 2- . In fact, PdCl3(H2O) -is much more labile than other complexes on the mechanism of substitution reactions of chloro-complexes of palladium with 1,10-phenanthroline and 2,2′-bipyridyl. 17 The 
Conclusions
The extraction rate of palladium with DTP was measured using a Lewis-type transfer cell and the following information was obtained.
(1) DTP was a selective extractant for precious metals such as gold(III), palladium(II) and platinum(IV) from hydrochloric acid solution.
(2) The reaction mole ratio of palladium to extractant was 1:1 by loading test.
(3) The rate-determining steps were the parallel reactions of PdCl3(H2O) -and PdCl4 2-with hydrochloride of DTP in the aqueous phase.
